The possible detection of C 24 , a planar graphene, recently reported in several planetary nebulae by García-Hernández et al. (2011 inspires us to explore whether and how much graphene could exist in the interstellar medium (ISM) and how it would reveal its presence through its ultraviolet (UV) extinction and infrared (IR) emission. In principle, interstellar graphene could arise from the photochemical processing of polycyclic aromatic hydrocarbon (PAH) molecules which are abundant in the ISM through a complete loss of their hydrogen atoms, and/or from graphite which is thought to be a major dust species in the ISM through fragmentation caused by grain-grain collisional shattering. Both quantum-chemical computations and laboratory experiments have shown that the exciton-dominated electronic transitions in graphene cause a strong absorption band near 2755Å. We calculate the UV absorption of graphene and place an upper limit of ∼ 5 ppm of C/H (i.e., ∼ 1.9% of the total interstellar C) on the interstellar graphene abundance. We also model the stochastic heating of graphene C 24 in the ISM, excited by single starlight photons of the interstellar radiation field and calculate its IR emission spectra. We also derive the abundance of graphene in the ISM to be < 5 ppm of C/H by comparing the model emission spectra with that observed in the ISM.
Introduction
Carbon is exclusively formed in the hot interiors of stars through the fusion reactions of three alpha particles (i.e., helium nuclei) and expelled into the interstellar space through stellar outflows and/or supernova explosions in the late stages of stellar evolution. As the fourth most abundant element in the universe (by mass) after hydrogen, helium, and oxygen, carbon plays an important role in the physical and chemical evolution of the interstellar medium (ISM; Henning & Salama 1998) . Due to its unique property to form three different types of chemical bonds through sp 1 , sp 2 , and sp 3 hybridizations, carbon can be stabilized in various multi-atomic structures with different molecular configurations called allotropes, including amorphous carbon, graphite, diamond, polycyclic aromatic hydrocarbon (PAH), fullerenes, graphene, and carbon nanotubes.
Many allotropes of carbon are known to be present in the ISM (e.g., see Jäger et al. 2011) . Presolar graphite grains and nanodiamonds have been identified in primitive meteorites based on their isotopically anomalous composition. These presolar grains were originally condensed in the cooling outflows from carbon-rich evolved stars or in the ejecta of supernovae. They were then expelled into the ISM and eventually made their way into the parental molecular cloud of the Sun and incorporated into asteroids, the parent bodies of meteorites. Therefore, prior to their incorporation into asteroids during the early stages of solar system formation, presolar grains must have had a sojourn in the ISM (see Li & Mann 2012) . While hydrogenated amorphous carbon (HAC) grains reveal their presence in the diffuse ISM through the ubiquitous 3.4 µm aliphatic C-H absorption feature (Pendleton & Allamandola 2002 ), the aromatic C-H and C-C emission features at 3. 3, 6.2, 7.7, 8.6 and 11.3 µm infer the widespread presence of PAHs in a wide variety of interstellar regions (e.g., see Tielens 2008) . The detections of interstellar C 60 and C 70 and their cations have also been reported based on their characteristic infrared (IR) emission features, e.g., the 7. 0, 8.45, 17.3 and 18 .9 µm features of C 60 (Cami et al. 2010 , Sellgren et al. 2010 , Berné et al. 2017 , García-Hernández et al. 2010 ) and the 6.4, 7.1, 8.2 and 10.5 µm features of C + 60 (Berné et al. 2013 , Strelnikov et al. 2015 . In addition, C + 60 has also been suggested as a promising carrier of the mysterious diffuse interstellar bands at 9348.4, 9365.2, 9427.8, 9577.0, and 9632.1Å (Foing & Ehrenfreund 1994 , Campbell et al. 2015 , 2016 , Walker et al. 2015 .
Graphene was first synthesized in the laboratory in 2004 by A.K. Geim and K.S. Novoselov (see Novoselov et al. 2004 ) for which they received the 2010 Nobel Prize in physics.
1 More recently, García-Hernández et al. (2011b reported for the first time the presence of unusual IR emission features at ∼ 6.6, 9.8, and 20 µm in several planetary nebulae (PNe), both in the Milky Way and the Magellanic Clouds, which are coincident with the strongest transitions of planar C 24 , a piece of graphene. If confirmed, this would be the first detection of graphene in space. In principle, graphene could be present in the ISM as it could be formed from the photochemical processing of PAHs, which are abundant in the ISM, through a complete loss of their H atoms (e.g., see Berné & Tielens 2012) . Chuvilin et al. (2010) showed experimentally that C 60 could be formed from a graphene sheet. Berné & Tielens (2012) further proposed that such a formation route could occur in space. On the other hand, if there exists in the ISM a population of HAC-like nanoparticles with a mixed aromatic/aliphatic structure (e.g., see ), a complete loss of their H atoms could also convert HAC-like nanoparticles into graphene (e.g., see García-Hernández et al. 2010 , 2011a . Also, graphene could be generated in the ISM from the exfoliation of graphite as a result of grain-grain collisional fragmentation. It is worth noting that graphite is thought to be a major dust component in the ISM (Draine & Lee 1984) and as mentioned earlier, presolar graphite grains have been identified in primitive meteorites.
Both quantum-chemical computations and laboratory experiments have shown that the exciton-dominated electronic transitions in graphene cause a strong absorption band near 2755Å (Yang et al. 2009 , Nelson et al. 2010 , Trevisanutto et al. 2010 ) which is not seen in the ISM. In this work, we aim at placing a quantitative upper limit on the abundance of interstellar graphene on the basis of the nondetection of the fingerprint 2755Å absorption feature in the diffuse ISM. To achieve this, we first calculate in §2 the UV absorption of graphene and compare it with the Galactic interstellar extinction curve. Also, if graphene is present in the diffuse ISM, single-photon heating by starlight (Draine & Li 2001) will cause it to radiate in the IR through its characteristic vibrational transitions (e.g., see García-Hernández et al. 2011b , Mackie et al. 2015 . Therefore, we calculate in §3 the IR emission spectrum of graphene heated by starlight, and compare it with measurements of the IR emission of the diffuse ISM by the Infrared Telescope in Space (IRTS; Onaka et al. 1996) and by the Diffuse Infrared Background Experiment (DIRBE; Arendt et al. 1998 ) and the Far Infrared Absolute Spectrophotometer (FIRAS; Finkbeiner et al. 1999 ) instruments on the Cosmic Background Explorer (COBE) satellite. The major conclusion is summarized in §4.
UV Absorption
For a planar graphene, the absorption cross section C abs (λ) at wavelength λ per unit volume (V ) can be derived from the dielectric function ε as follows (see Yang et al. 2009 ):
where Im {...} denotes the imaginary part of a complex function. Nelson et al. (2010) employed spectroscopic ellipsometry to measure the complex refractive indices, m(λ) = m ′ +i m ′′ of graphene in the wavelength range of 0.153 < λ < 0.783 µm or 1.28 < λ −1 < 6.54 µm −1 . We first convert the refractive indices of graphene measured by Nelson et al. (2010) Figure 1 ). The Galactic interstellar extinction curve has been relatively well determined from the near-IR at λ −1 1 µm −1 to the far-UV at λ −1 ≈ 10 µm −1 , over a wavelength range wider than that of Nelson et al. (2010) . To facilitate a direct comparison of the absorption of graphene with the interstellar extinction curve, an extrapolation of the dielectric functions of Nelson et al. (2010) over a wide wavelength range is needed. To this end, we fit the dielectric functions of Nelson et al. (2010) with three Lorentz oscillators (see Bohren & Huffman 1983) :
where ω = 2πc/λ is the angular frequency, c is the speed of light, ω p,j , ω 0,j , and γ j are respectively the plasma frequency, resonant frequency, and damping constant of the j-th oscillator, and ε 0 is the dielectric function at high frequencies (i.e., ω ≫ ω 0 ). As illustrated in Figure 1 , with ε 0 ≈ 1.71 and three Lorentz oscillators characterized by
15 GHz, we are able to closely fit the dielectric functions of graphene experimentally derived by Nelson et al. (2010) . Eqs. 2 and 3 allow us to extrapolate the dielectric functions of graphene at λ −1 < 1.28 µm −1 and λ −1 > 6.54 µm −1 .
2 2 This extrapolation is physical since it is based on a simple physical principle (i.e., the classical Lorentz harmonic oscillator model). Even if this extrapolation is not accurate, it does not affect the following discussion on its contribution to the interstellar extinction since the absorption of graphene occurs mostly at 2 < λ −1 < 6 µm −1 . Also because of this, it will not affect the following discussion on its IR emission.
For graphene, we can relate its volume (V ) to the number of C atoms (N C ), through
where m H ≈ 1.66 × 10 −24 g is the mass of a hydrogen nuclei, d ≈ 3.4Å is the monolayer thickness of graphene, and σ ≈ 6.5 × 10 −8 g cm −2 is the surface mass density of graphene. Combining eq. 1 with eq. 4, we obtain the absorption cross section of graphene per C atom from
In Figure 2 we show the UV/optical absorption cross section (per C atom) of graphene. Most prominent in the absorption profile of graphene is the exciton-dominated absorption peak at ∼ 4.5 eV (i.e, λ ≈ 2755Å, λ −1 ≈ 3.63 µm −1 ). We note that quantum-chemical firstprinciples calculations of many-electron effects on the optical response of graphene have also demonstrated that the resonant excitons give rise to a prominent peak in the absorption spectrum of graphene near 4.5 eV (see Yang et al. 2009 , Trevisanutto et al. 2010 ). However, this absorption peak is absent in the interstellar extinction curve. As shown in Figure 3 , the Galactic extinction curve -the variation of the extinction A λ with the inverse wavelength λ −1 -rises almost linearly from the near-IR to the near-UV, with a broad absorption bump at about λ −1 ≈4.6 µm −1 (λ≈2175Å) and followed by a steep rise into the far-UV at λ −1 ≈10 µm −1 , the shortest wavelength at which the dust extinction has been measured (Mathis 1990 , Fitzpatrick 1999 . The nondetection of the 2755Å absorption feature allows us to place an upper limit on the abundance of graphene in the ISM. Weingartner & Draine (2001) and Li & Draine (2001b) have developed a carbonaceoussilicate grain model which reproduces both the observed Galactic extinction curve and the observed IR emission. In Figure 3 we show the extinction obtained by adding graphene to this model. Since graphene is in the Rayleigh limit, the added extinction depends only on [C/H] graph , the amount of C (relative to H) tied up in graphene, and is independent of the exact graphene size:
As shown in Figure 3 , the red wing of the strong 2175Å extinction bump could hide certain amount of graphene: we estimate the upper bound to be [C/H] graph ≈ 5 ppm -i.e., in After all, graphene absorbs little at λ −1 < 1.28 µm −1 and λ −1 > 6.54 µm −1 and therefore the existing, experimentally-derived dielectric function data at 1.28 < λ −1 < 6.54 µm −1 are sufficient for determining the heating of graphene.
the diffuse ISM there could be as much as ∼ 5 ppm of C/H in graphene for the characteristic 2755Å absorption feature of graphene to remain unnoticeable. The contribution of graphene to the λ −1 ∼ 3.6 µm −1 region would be considerable for [C/H] graph > 6 ppm. If we take the interstellar C abundance to be solar-like (i.e., C/H ≈ 269±31 ppm, Asplund et al. 2009 ), an upper limit of [C/H] graph ≈ 5 ppm implies that at as much as ∼ 1.9% of the interstellar C atoms could be tied up in graphene.
IR Emission
For a planar graphene of several hundred C atoms or smaller, photon absorption is often the dominant excitation process and its energy content is often smaller than the energy of a single starlight photon. Therefore, graphene will undergo stochastic heating in the ISM (Greenberg 1968) . In most cases soon after the photoabsorption, graphene will convert almost all of the initial photoexcitation energy to vibrational energy of the highly vibrationally excited ground electronic state, and hence IR emission is always the dominant relaxation process (e.g., see Li 2004 ). Therefore, we will model the stochastic heating of graphene in terms of pure vibrational transitions by employing the "exact-statistical" method of Draine & Li (2001) .
Following Draine & Li (2001) , we characterize the state of a graphene sheet of N C C atoms by its vibrational energy E, and group its energy levels into (M + 1) "bins", where the j-th bin (j = 0,...,M) is [E j,min , E j,max ), with representative energy E j ≡ (E j,min +E j,max )/2, and width ∆E j ≡ (E j,max -E j,min ). Let P j be the probability of finding the graphene sheet of N C C atoms in bin j with energy E j . The probability vector P j evolves according to
where the transition matrix element T ij is the probability per unit time for graphene in bin j to make a transition to one of the levels in bin i. We solve the steady state equations
to obtain the M+1 elements of P j , and then calculate the resulting IR emission spectrum (see eq. 55 of Draine & Li 2001 ).
Before we proceed to calculate the state-to-state transition rates T ji for transitions i→j, lets distinguish the excitation rates T ul (from l to u, l < u) from the deexcitation rates T lu (from u to l, l < u). For a given starlight energy density u E , the rates for upward transitions l→u (i.e., the excitation rates) are just the photon absorption rates:
The rates for downward transitions u→l (i.e., the deexcitation rates) can be determined from the detailed balance analysis of the Einstein A coefficient:
where h is the Planck constant, and the degeneracies g u and g l are the numbers of energy states in bins u and l, respectively:
where (dN/dE) E j is the vibrational density of states of graphene at internal energy E j . For a planar graphene sheet of N C C atoms, if we know the frequencies of all its (3N C − 6) vibrational modes, we can employ the Beyer-Swinehart numerical algorithm (Beyer & Swinehart 1973 , Stein & Rabinovitch 1973 to calculate the vibrational density of states (dN/dE) E j and therefore the degeneracies g j for each vibrational energy bin. If we know the oscillator strength of each vibrational mode, we can obtain the IR absorption cross section C abs (E) of graphene by summing up all the vibrational transitions with each approximated as a Drude profile. Mackie et al. (2015) computed the vibrational transitions of 805 fully dehydrogenated PAHs, using the B3LYP density functional theory (DFT), together with the 4-31G basis set (Frisch et al. 1984) . These molecules span a wide range of sizes, from two benzene rings up to eight rings, with the largest one containing 34 C atoms. Although the individual spectra of these fully dehydrogenated species are rather diverse, as a whole they do show characteristic features at 5.2, 5.5, and 10.6 µm as well as a forest of features in the ∼ 16-30 µm range that appears as a structured continuum, but with a clear peak centered around 19 µm. However, we note that not all of these fully dehydrogenated PAHs are planar or graphene-like. Also, a complete set of the frequencies of all the (3N C − 6) vibrational modes computed by Mackie et al. (2015) for each individual species of N C C atoms is not yet publicly available. This prevents us from computing the IR emission spectra of the graphene-like species considered by Mackie et al. (2015) . This is because, to calculate the vibrational density of states (see eq. 11), for a given species of N C C atoms a complete knowledge of the frequencies of all the (3N C − 6) vibrational modes is required. On the other hand, in the literature the vibrational modes and intensities are known for C 24 , a small graphene sheet. Martin et al. (1996) performed quantum-chemical computations for C 24 using the B3LYP DFT. Kuzmin & Duley (2011) also carried out DFT-based calculations for planar C 24 and obtained similar results. In this work, we will therefore consider the vibrational excitation and the subsequent IR emission of C 24 . We note that C 24 is preferred also because it has been possibly detected in several Galactic and extragalactic PNe (García-Hernández et al. 2011a and even in the ISM (Berné et al. 2013 ).
3
We consider the stochastic heating of C 24 in the diffuse ISM, excited by the solar neighbourhood interstellar radiation field (ISRF) estimated by Mathis et al. (1983; hereafter MMP83) . We consider 500 energy bins (i.e., M = 500). We use the vibrational modes and intensities of C 24 computed by Martin et al. (1996) to calculate the vibrational density of states and the degeneracies for each vibrational energy bin as well as the IR absorption cross section. Without a prior knowledge of the width of each vibrational transition, we assign a width of 30 cm −1 , consistent with the natural line width expected from free-flying molecule (see Allamandola et al. 1989 ). This natural line width arises from intramolecular vibrational energy redistribution. In Figure 2 we show the IR absorption cross section of graphene based on the quantum-chemical data of C 24 which clearly exhibits three strong IR bands at 6.6, 9.8 and 20 µm.
With g j and C abs (E) derived from C 24 of Martin et al. (1996) and the starlight energy density u E taken from MMP83, we determine the state-to-state transition rates T ji and solve the steady-state probability evolution equation to obtain the steady-state energy probability distribution P j and finally calculate the resulting IR emission spectrum. In Figure 4 we show the IR emission of C 24 excited by the MMP83 ISRF. Most pronounced are the IR emission features at 6.6, 9.8 and 20 µm. We note that the sawtooth features at λ > 30 µm are artificial; they are due to our treatment of transitions from the lower excited energy bins to the ground state and first few excited states (see Draine & Li 2001 ).
We will now derive upper limits on the abundance of graphene in the diffuse ISM based on comparison of the observed IR emission with the calculated emission spectrum of C 24 . We first consider the high Galactic-latitude (HGL) cirrus illuminated by the MMP83 ISRF. The average emission per H for the HGL region has been measured by COBE/DIRBE (Arendt et al. 1998) , COBE/FIRAS (Finkbeiner et al. 1999) , and Planck (Planck Collaboration XVII 2014). As shown in Figure 5a , with 5 ppm of C/H in graphene C 24 , the 6.6, 9.8 and 20 µm emission features of graphene will become so prominent that they will be essentially as strong as the PAH features at 6.2, 7.7, 8.6 and 11.3 µm and would have been detected by Spitzer or by the Short Wavelength Spectrometer (SWS) aboard the Infrared Space Observatory (ISO).
Following Li & Draine (2001a) , we have also considered the diffuse ISM toward l = 3 Berné et al. (2013) reported the detection in NGC 7023, a reflection nebula, of the 6.6 µm band coincident with the assignment of C 24 made by García-Hernández et al. (2011a) .
44
o 20 ′ , b = −0 o 20 ′ which has been observed by COBE/DIRBE (Hauser et al. 1998 ) and the Mid-Infrared Spectrograph (MIRS) aboard IRTS has obtained the 4.7-11.7µm spectrum (Onaka et al. 1996) . Li & Draine (2001b) have modeled the IR emission from the dust in this direction and derived a total gas column N H ≈ 4.3 × 10 22 cm −2 and a starlight intensity of U ≈ 2 (in unit of the MMP83 ISRF). As illustrated in Figure 5b , if graphene C 24 is present in this region, its abundance must be less than 5 ppm of C/H, otherwise the 6.6, 9.8 and 20 µm emission features of graphene would have been detected by IRTS. Therefore, for both the HGL region and the line of sight toward l = 44 o 20 ′ , b = −0 o 20 ′ , a generous upper limit of C/H 5 ppm is imposed by the COBE/DIRBE photometric data and the IRTS spectrum.
Summary
Inspired by the possible detection of the 6.6, 9.8 and 20 µm emission features of graphene C 24 in several Galactic and extragalactic PNe, we have explored how much graphene could be present in the diffuse ISM and how it would reveal its presence through absorption and emission. We have placed an upper limit of ∼ 5 ppm of C/H on the abundance of graphene in the diffuse ISM, based on the nondetection in the Galactic interstellar extinction curve of the prominent absorption peak at ∼ 2755Å of graphene caused by resonant excitons as well as the nondetection of the 6.6, 9.8, and 20 µm emission features of graphene C 24 in the observed IR emission spectra of the diffuse ISM. While the extinction-based constraint is size-independent as long as graphene is in the Rayleigh regime, the IR-emission-based constraint is sensitive to the graphene size since the stochastic heating and the resulting IR emission spectrum depend on the graphene size. Further quantum-chemical computations and experimental measurements of the IR vibrational spectra of graphene of a wide range of sizes as well as the vibrational excitation modeling of the IR emission of graphene in various astrophysical regions will be crucial to more rigorously explore the presence and quantity of graphene in space. (Onaka et al. 1996) .
